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AERODYNAMIC CHARACTERISTICS OF A 10° SHARP CONE AT
HYPERSONIC SPEEDS AND HIGH ANGLES OF ATTACK

George S. Pick, Samuel E. Dawson, and Robert L. Walker
Aviation and Surface Effects Department
Naval Ship. Research and Development Center
| Bethesda, Maryland 20034

, ABSTRACT. A free-flying instrumented
model was tested in a hypersonic facility at

M = 5.30, 6.34 and 9.94 and Re = 3 X 10° to
1.2 X 107/ft. Aerodynamic lift, total drag
and base drag coefficients were obtained to-
gether with detailed base pressure distribu-
tion measurements at angles of attack from 0
to 60°, The measured 1ifr and drag coeffi-
cients showed good agreemenc with the modified
Newtonian theory. The centerline pB/p“
digstribution was nearly independent of the
angle of attack froa -10 to -30° but increased
rapidly for all test conditions beyond

o = -30°. For similar conditions at angle of
attack and Reynolds number, an increase in
Mach aumber resulted in an increase of the
base pressure ratio. The measurements indie
cated a highly complex base flow regionm, aiwu
tentative explanation of the observed results
was offered.

NOMENCLATURE
a, Horizontal accelera_ion component of
model center of gravity, ft/sece
a Vertical acceleration componeut of
y model center of gravity, fr/sec
Equation (18)
CA Axial force coefficient
CD Total drag coefficient
CD Base drag coefficient
B

Drag coefficient at a = Q°
Total lift coefficient

Lift coefficient due to model base
force

P

Re
Re

Re

Re

ta

Ly it sk s A e

IR R i L R ]

Normal force coefficient
Base pressure coefficient

Base diameter, in.

Total base force, 1lbs

Gravitational acceleration, ft/seca
Model geometry and muss function
Model length, inm.

Free-stream Maca number

Mach number ased on local properties
Bage pressure, psia

Base pressure measured with sting
mounted model, psia

Average base pressure, psia

Local pressure, psia

Total pressure, psia

Free-stream static pressure, psia
Free-stream dynamic pressure, psia

Radial distance from the centerline
Base radius
Unit Reynolds number/ft

Reynolds number based on the base
diameter

Reynolds number based on local
properties

Reynolds number based on length

Transition Reynolds number at angle

B g
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of attack
Ret Transition Reynolds number at zero
° angle of attack
SB Base area, i0®
S Horizontal component of model center
x of gravity displacement measured from
"the model release position. in.
S Vertical component of model center of
y gravity displacement measured from the
model release position, in.
t Time, sec or msec
Vt Terminal velocity of ‘model at the end
of captured rlight, ft/sec or in/sec
W Model weight, lbs
e Distance to the center of gravity from
g the model nose
X, Distance to the center of pressure
i3 from the model nose
a Angle of attack, °
By Equation (11)
6, Cone half angle, °
P Roll angle, °

INTRODUCTION

The flow field around a slender body of
revolution at high angles of attack in the
hypersonic speed regime is highly complex
because of interaction, separation, three-
dimensional mixing in the various separated
regions, vortex generation, etc. The physics,
on which any mathematical model must be based,
is not well understood here because adequate
data are lacking for the separated flow
regions surrounding a three-dimensional body.
Current theories that attempt to calculate
the properties of a near wake flow field
postulate the existence of & uniform base
pressure distribution at zero angle of attack.
By using this basic assumption, investigators
then prcceed to obtain numerical solutions in
the near wake. Little or no data are avail-
able on base pressure distribution foir high
angles of attack and therefore one cannot even
define a physically rcasonable model to
attempt a numerical computation

The basic objective of the curreant work
was to obtain reliable, interference-free
aerodynamics data on a 10° half-angle sharp
cone at hign angles of attack and at hyper-
sonlc speeds with varying Reynolds numbers.
To this end, a free-flying instrumented model
wat developed and tested in a free jet hyper-
gonic facility. It was designed to be in-

jected into the flow field at predetermined
angles of attack and roll and to be released
with adequate vertical velocity to fly
through the test section.

BACKGROUND

Free-flighkt techniques to investigate
the aerodynamic characteristics of models in
hypersonic wind-tunnel facilities have been
in-use for the past 7-8 years. However,
practically all of the experimental informa-
tion reported in the literature deals with .
axisymmetric geometr1es at zero angle of
attack.

Griffith and Siler! compared drag, 1ift,
moment and heat-transfer data from sting-
mounted slender cone models (8, = 9 and 10° )
with free-flight model information at a= 0°
and M = 9.8 to 20.6. Their results showed
good agreement between the conical shock
theory and measured free- flight viscous drag
data at M = 10 and @ = 0°. The total drag
was shown to increase Wlth angle of attack at

= 10 and decrease with increasing free-
stream unit Reynolds number in the range of

Re = 2.2 x 10° to 5.2 x 10%/ft,

Welsh et al2 used a hypervelocity range
to obtain {ree-flight static, dynamic stabil-
ity, and drag data for 6 = 10° slightly
blunted cones at Mach numbers from 6 to 16
and Re ~ 7 X 10* to 5 x 10°/ft. Zero lift
drag measurements at « x ;0% and Re =~ 2 X 105/ft
indicated that CDo was insensitive to small

changes in nose bluntness and decreased with
increasing Mach number and Reynolds number.

Ward et a13 utilized 10° half angle cone
models in free flight fromM = 1.5 to M = 10
and @ < 6° to measure support-free model drag,
damping and pitching moment rate, and center-
line base pressure. The total drag at & = 0°
was slightly decreasing with increasing unit
Reynolds number in the measured range of
Re = 2 X 10% to 5 x 10°/ft at M = 10 and
decreasing with Mach number from M = 4 to 10,
The results ind:catod drag rise with angle
of attack (0 < a < 6° ) and good agrecment
between the measurad viscous drag and conical
shock theory at M = 10,

Availeble base flow theories in super-
sonic flzw were summarized by Carpenter and
Tabakoff™ {n their comprehensive review of
some 175 papers and articles. Base flow
theories may be divided into four main groups:
semiempirical theories, theories based on the
Chapman-Korst model, integral methods, and
multimethod base flow theories which attempt
to take the dynamics of the vecirculating flow
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into account,

Practically all of the experimental
information reported in the literature deals
with axisymmetric geometries at zero angle of
attack. The Todisco and Pallone® compre=~
hensive summary of experiwental work includes
near-wake data for a variet, of vehicle con~
figurations, free-stream Mac't numbers,
Reynolds numbers, wall temperature ratios,
etc.

A few investigators have obtained some
data in the base region of slender cones at
angles of attack up to 10°. Schlesinger ‘and
Martellucci® tested a 10° half-anglé cone at

= 6.0 and at a 10° angle of attack. The
free~stream Reynolds number was sufficiently
large so that fully turbulent flow was
achieved both on the cone surface and in the
near wake. Significant changes in the flow
field were observed when a configuratlon was

~ studied at angles of attack other than 0°.

Schmidt and Cresci’/ examined the flow
characteristics in the near wake «f a 10°
half-angle cone at M = 7,7 and at 10° angle
of attack for laminar flow. They obtained
radial vuriations of pitot and static pres-
sures at selected axial location in the near
wake. Their measurements indicated that the
angle of attack produced a region on the lee-
ward side of the cone surface wherein the
boundary layer which was originally laminar
on the windward side became transitional or
turbulent at lower Reynclds numbers than ex-
pected from the axisymmetric flow case. This
affected the mixing processes and therefore
the behavior of the local flow conditions in
the wake. In addition, it appeared that
vertical inviscid flow above the cone surface
caused a large-scale mixing for the angle of
attack configuration. Picot pressure pro-
files showed that the symmetry axis in the
viscous core was displaced toward the leeward
side of the cone by about one-tenth of the
base diameter. The stagnation pressure ratio
increased by a factor of five above the
laminar axisymmetric flow conditions,

Martellucel and Schlesinger8 utilized a
10° half-angle cone at 0° angle of attack and
M = 12.3 to obtain laminar near-wake and
base pressure data, They employed a special
support system to minimize support inter-
ference and measured centerline base pressure,
dividing velocity line, and static and total
pressure distributions together with static
and total temperature distributions in the
near wake. The results showed that
pB/pm « 0,75 % 0.,05.

9

Martellucci and Ranlet”? examined the near

S g PR AR i 1

wake of a 10 half-angle cone with various
bluntness ratios at M = 8, 10, and 12.3 and
a = 0° with a special compression strut
system to minimize support interference.
Their measurements showed both laminar and
transitional flow conditions. The surveyed
regions included the cone surface and base
areas, the cone shoulder boundary layer and
shock layers, the recirculation region, the
shear and mixing layers, and the inviscid

‘supersonic weak-wake region. Axial and radial

pressures and temperature profiles were taken
with various probes. The base pressure
results showed that a slight bluntness had no
effect but that a greater bluntness (R,/R, =
0.15) increased the base pressure level above
values for the sharp leading edge. The study
showed that pB/p°° decreased with increasing
Reynolds numbers and increased with Mach
numbers for a given Reynolds number. The
variation in radial pressure for tne base
was maximum at the centerline and decreased
toward the edges. As the Reynolds number
increased, the nonuniformity decreased; at
turbulent conditions, the base pressure dis-
tribution was uniform.

ward and choatel® used a free- -flight
technique to measure base pressure and base
heat transfet on a 10° half-angle cone at

= 10 and 0° angle of attack while the
shoulder boundary layer and base region
conditions were laminar. The absolute values
of the base pressure at Rez = 0,5 X 10° were
in the range of 0.004 psia™+0.001. The
model base pressure ratio results showed
pp/Pe ~ 0.58 at Rey = 0.5 x 10° with a nearly
linearly decline to ~0.35 at Reg = 2 X 10°.

Cassanto et alll correlated 0° angle of
attack free-flight centerline base pressure
data for both sharp and blunt 10° hilf-angle
cones at the speed range of M= 4 tc M= 19.
Both laminar and turbulent flow conditions
were tested and analyzed. The sharp cone
data showed strong Reynolds number dependence
whereas no such dependence was exhibited for
the blunt cone, The level of base pressure
for the blunt configuration was higher than
for the sharp cone for comparable free-stream
conditions of both the laminar and turbulent
flows. Laminar flow centerline base pressure
correlation exhibited a maximum ~lue where
pB/pE was a single~valued functivn of
M2 . Re,. This function appeared ty relate
much of the data in the test program. Base
pressure covrelation for turbulent flow con-

ditions showed no such maximum but py/p,
decreased with incredsing Nz

Much of the published expetrimental in-
formation concerning base flow has been
¢louded by the uncertainty introduced by




9th Navy Symposium on Aeroballistics

- model suppcrt interference. The sting model

support system, in common usage in wind-tunnel
measurements, is bound to distort the flow
field to some extent; consequently, the re-
liability of the resulting data wight be
questionable.

Considerable experimental work on the
problem of support interference in supersonic
speeds has been done at 0° angle of attack.
It has confirmed that the base pressure is
strengly influenced by the support inter-
ference and can gerve as the first indication
of flow distortion caused by the presence of
model support.l2~ ‘ '

On the basis of some data,:>*18 it
appears that for laminar flow in the range of
M =1.5 to 5.0, there are critical ratios for
both length and diameter. However, whereas
the sting length/model diameter ratio increased
from 3.0 to 6.0 between M = 1.5 and 5.0, the
critical sting diameter/model diameter ratio
had a maximum value of 0.5 at M =~ 4.0, and de-
creased with both increasing and decreasing
Mach number. Whitfield20 states that the sting
diameter effects may be important when attempt-
ing to correlate data with free-flight results.

Peckhan?Z conducted a qualitative explora-
tory study at M = 6,8 where transition occurred
upstream of the model base so that a turbulent
wake was formed. He found that at « = 20°,
the flow pattern on a delta wing model was not
affected by sting diameter in the range of
0.4 <d/p <0.6.

In their experimental study with a sharp
5.6° half-angle cone at M = 14, Stetson and
Friberg?? found tha. there was no subsonic
communication between the base and leeward
regions and, consequently, little interaction
up to an angle of attack of approximately
three times the cone half-angle. However,
heyond this incidence angle, the leeside
minimum pressure region was reduced to base
pressure level and thus there was subsonic
communication between these two flow fields.
This means that at large angles of attack,
any type of mechanical support system will
disturb the flow f'eld upstream as well as
downgtream.

Pick23 recently investigated the sting
effects on measured base pressures at M = 6.3
and 9,9 for a unit Re: nolds number of
1 X 10°%/ft. Sting-mounted and instrumented
free-flight half-angle sharp cone models were
used between & = 0 and a = 40°. Measurements
showed that the sting-interference effects
were not very severe at M = 6.3 whete o < 15
(1 < pB/pﬁ < 1.2), but that the flow became

progressively move distorted as the angie of

attack increased; at o = 40°, py/py = 1.75.

For the free-flight model at Mach number 9.9,
the magnitude of the measured base pressure
ratios at corresponding flow conditions and
arzles of attack was about 70% above the sting-
mounited model. Beyond about 40°, no steady
base pressure value could be reached with the
sting-mounted model in either of the tested
Mach numbers because of the severe effects of
sting interference.

TEST APPARATUS, EXPERIMENTAL TECHNIQUES,
1EST CONDITIONS
WIND-TUNNEL FACILITY

All experiments were conducted in the
NAVSHIPRANDCEN hypersonic tunnel, a facility

_equipped with a series of axisymmetric con-

toured nozzles with exit velocities ranging
fromM = 5 to M = 10.0 and an open-jet test
section, The outside diameter of the jet is
approximately 13.5 in. with a uniform (flov
uniformity * 1.75%) core of approximately

6 in. The unit Reynolds number can be varied
from 8 x 10* td 10°/ft by varying the supply
pressure over the range from 15 to 600 psia
and varying the supply air temperature from
ambient to 2500°F. A more detailed descrip-
tion is available in Reference 24.

MODEL DESCRIPTION

The 10° half-angle cone models were
designed to be injected into the flow field
and released to fall freely through the hyper-
sonic test section. They were 6 in. long with
a nose radius of 0.003 in. and a base diameter
of approximately 2 in. The skin was machined
from corrosion-resistant steel that was polish-
ed and chrome plated to provide abrasion re-
sistance. These models were capable of
measuring base pressure distribution at vari-
ous roll angles, angles of attack, and
Reynolds and Mach numbers. Figure 1 shows
an exploded view of the cone model, and Fig. 2
is the schematic drawing of the interior.

A conical brass weight was attached to
the forward interior to provide for gross
center of grav y adjustment. Threaded slugs
within the weight were used for fine trim.
Tour diffevential pressure transducer telem-
eters wevre housed in a split, filled Teflon
insert; the power supply leads were v.ought
forward and connected in parallel to three
mercury cells. The battery pack was clamped
on the front half of the insert. The trans-
ducer measuring ports were connccted through
thick-walled flexible plastic tubing to brass
nipples on the base orifice plate. A soft
rubber plug was mounted in the Micarta base
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plate, and in conjunction witly a vacuum pump
and hypodermic needle, served as a self-seal-
ing valve for evacuation of the model in-
terior (transducer refereace pressure volume).
A threaded bezel provided clamping force for
the 0-ring seal located between the orifice
plate and model skin. ’

INSTRUMENTATION AND DATA ACQUISITION SYSTEM
Pressure Sensors

As previously mentinned, the free-flight
model was equipped with four differential
pressure transducer telewetry packages.

These units were based on a Harrison design2
and were fabricated by JPL. The telemeters
utilized ultrastable Colpitts oscillators
which were operated at center frequencies
between 106 and 137 MHz. The oscillators
were frequency modulated by the variable
capacitance-type pressure transducers. The
telemetry assembly consisted of four major
componentss a printed circuit inductor, a
variable capacitance-type diffarential
pressure transducer, a battery package, and

a micreminiature packege of pellet-type con-
struction for all other circuit components.
The transducer sensing element was a 0.00025-
in.-thick prestressed metal diaphragm solder-
ed over the reference port case and separated
electrically from the pvessure port. The
stress lovel of the diaphragm determined the
sensitivity of the umit. The diaphragm and
the inner surface of the pressure port formed

‘the variable parallel plate capacitor. The

various components of the unit were rigidly
encapsulated in epoxy potting to provide
thermal isolation and shock resistance.

The rise time of the pressure telemeters
was about 0.5 msec without tubing, and their
thermal stability was good. Harrison found
that a temperature increas. of 100°F at at-
mospheric pressure produced a 2.7% increase
in the oscillator frequency and a 0.1% chanie
in the full-scale sensitivity calibration.

The temperature response time was abeut 3 min.
There was little or no change in the telemeter
performance over a temperature vange from 30
to 200°F, Details on the construction of
these units and their performance character=~
i{stics are given in the Harrison report.23

Antenna Geometry

The signals from the telemetry units
were intercepted by a complex antenna system
that surrounded but was completely outside
the wypersonic jet flow. Since the system
operated in near ficld in the confines of a
steel housiag, which contained the open jet,
the optimum antenna geometry had to be

O T
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arrived at by trial and error. After an ex-
tensive pretrial period during which several
antenna geometries were tested, satisfact-ry
performance was achieved by using two elec-
trically parallel fclded dipoles with the

elements arranged approximately in the sk

of a parallelepiped.

By using this antenna geometry, sigi-:
strength versus roll angle studies were r..e
for three (x,z) coordinate points wi~" - -:
expected flight envelope at a =0, - , aad
-60°, In general, signal strength - njiues
decreased below an acceptable lovel only over
isolated areas amounting to 5 t.. 0" of roll
angle each. It was further fou.. that the
transducer center frequency was independent -
of pitch and roll angles. Figutre 3 depicts
the final version of the antenna system, the
drop mechanism, and the model installed in
the hypersonic tunnel.

brop Mechanism

Prior to its injection iato the hyper-
sonic jet stream, the mouel was guided by a
specially constructed drop mechanism that
held it at a predetermined pitch angle and
guided it down into the stream. As the model
was completely submerged into the inviscid
core of the flow, the restrainiag arms opened
and released the model smoothly without im-
parting any side force or yawing mowent. The
vertical speed of the model was determined
by the release height of the carriage. Four
tension springs ensured that the restraining
arms moved out of the flow field within 10
msec after model release so that they did
not disturb the flow around it, The drop
sequence had been so automatized that once
the circuitry was energized, 2 multicam timer
took over. The drop mechanism was calibrated
to determine the correct locgtion of the
trigger switch so that the model was releesed
at 0.25 (*0.1) in. above the point where the
carriage was mechanically restrained. This
ensured¢ that the model was released smootily
and very nearly at the same posittion in the
stream. Calibration data showad that spring-
mass system of the vestrainiug arms and
attached coil springs had a patural frequency
of about 20 msec/cycle and the wotion was
damped out within 3 cycles.

After model release into the stream,
the carrinee impacted ou a rubber bumper
which causca it to brunce upward about 3 inm.
The natural frequency of this motion was
such that the carriage and the release arms
were completely removed from the stream 10
msec after release and only 200 msec later
(well after the model had left the stream)
uid it return again for the second cycle of
its damped oscillation.
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‘A series of drops at varying carriage
heights (between 0 and 20 in. above the flow
centerline), corresponding to a range of
terminal release velocities, provided data -
for the deteruination of (a) terminal re-

lease velocities as a fuuction of drop height
an’ (L) trigger switch locaticn as a function
of drop height; see Fig. &.

Signal P;ocessidg and Data Acguigition
Systems

As mentioned earlier, the signals from
the telemetry oscillator were beamed to a
complex antenna system. This antenna system
" was matched to a coaxial cable by using a
Blonder-Tongue Model MT-283 matching trans-
former and a signal splitter. Two preampli-
fiers (Jerrold Model 2440) were then used in
cascade to obtain at least a 40 dB gain for
driving the signal tapoffs (Jerrold Model
UT-22W). . Four tapoffs werz used to couple
the input signals to the four FM receivers.
The resulting isolation was at lease 31 dB
and feed-through losses were less than 0.25
dB for the frequency range from 100 to
140 MHz. '

The RF and cscillator stages -f the
tuners (McIntosh Model Type MR71) were modi-
fied to provide reception in the band from
100 to 140 ¥z, Amn a-c voltage regulator
(Sorensen Model ACR1000) was used to main~
tain tuner line voltages within * 0.1%.
Tunev outputs were then fed into four amplex-
er amplifiers (Beckman Model C-44) which im
tura drove the 600-Hz Type 7-323 galvacom-
eters in a recording oscillograph (C.E.C.
Type 5-124). Figure 5 is a block diagram
of the signal processing network.

Ten channels recorded the incoming data
on the oscillograph. Four processed the
pressure signals, four measured the signal
stvength of each transducer chaninel network,
~ne recorded the solenoid trigger release
signal, and one recovded the output signal
of & 1000-Hz reference timer. Figure 6
shows a sample ¢f the oscillograph record.

The motica of the model was recorded by
two high-speed moticn picture cameras: (1)
a Photnsonics camera recorded the yawing and
rolling mocions of the models at the rate of
1000 frames/sec and (2) a Hycam model (in-
sralled at right angle to the viewing window
of the wind tu.nel) recorded the pitching
motioas of the cone at about 2000 frames/sec.
The output of the 1000-Hz reference timer,
racordnd on the oscillograph, was &lso re-
cordued on film so that the film and oscillo-
graph Jlata could be synchrunized. Both the
film and oscillogvaph data were manually

digitir.y and reduced to useful forw by data
redsction procedures detailed later.

During the drop, the tunnel cab pressure
was continuously monicored by a Datametrics
Type 1014 Electronic Manometer and a-Type
511-3 Barocel capable of measuring pressures

-hetween 0 and 1 psi on seven consecutive

scales ranging from 0.001 to 1.0 psi full
scale. The instrument had been calibrated

and certified tc an accuracy of * 0.17% on

each scaie by the Bureau of Standards. The
accurAcy was very important since this measure-
ment provided the referemce pressure vilues to
which the base pressure signals were reldated
‘in order to determine their absolute levels.

Since the data acquisition avnd processing
system was rather complex anl hri to be syn-
chronized with the model carriage release and
solencid release sigrals, a timer mechanism
took over all fuuctions as soon as wind-tunnel
free-siream conditions were. established and a
timer starter switch was manually activated;
see Fig. 5. :

PRELIMINARY SYSTEM STUDIES

Pressure-Time Response

The available time for physical measure-
mente is very limited for all free-flight
model experiments; it i{s on the order of 10
to 50 msec and seldom exceeds 0.1 sec.
Trajectory predictions showed an available
flight time of about 65 msec in the nyper-
sonic stream. As a final check on the in-
strument design, pressure response data wers
obtained in the expected pressure raange for
short connecting-tube transducer systems and
correlated with some analytical formulas26,
Figure 7 shows the key rvesults for the design
conr: J4ration. Measurements indicated that
the time response within the expected pressure
range did not exceed 5 msec,

Transducer Interactions and Calibration

Pick and DawsonZ% systematically studied
the effects of close proximity on the simul-
taneously operation of transducer telemetyy
uiits. They evaluated such parameters as
interaction as a function of transducer-to-
transducer distances, center frequency spread
and its effect on the interaction, change of
sensitivity in relsation to center frequency,
center frequency srhifts as functions of
transducer-to~transducer distances, and the
effects of comaon power supply and shielding.

The results showed that the interaction
increase was approximately proportional to
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the inverse 0.65 power of the edge-to-edge
distance and that the center frequency spread
had the most significant effect on tne inter-
action. '

The frequent interaction calibration
measurements showed that Lhe interaction
errors did not exceed % 1.3% for pressires
up to 3.0 mm Hg. In most cases, the iuter-

‘action errvor was withie £ (.5%. The instru-
mented model was recaiibrated daily wich

"known pressure inputs. Corrections to com~

.pensate for interaction errcrs were contained
in the calibration. The daily calibration
results showed that all the ¢ransducers were

" linear within % 1.5% and day-to-day repeat-

ability was good.

TEST CONDITIONS

Thorough surveys of Mach number distri-
butivn and temperature distribution were
‘undertaken for each test speed. The results
showed that in the jet core (11 in. horizon-
tal icngth, & in. vertical height and 4 in.
width) where the model trajectories were
located, the Mach number values were defined
as M - .30 20,11, 6.34 £0.11, and 9.94
ES

Measurements indicated that steady flow
was establighed within 5 sec after startup.
To ensure steady conditions and provide for
time lag in the cab pressuve sensor system,
aill model drops were initiated at least 15
sec after tunme: start,

The settling chamber :emperature, up=
stream ot the nozzle throat, was continuously
monitored during runs by using a Chromel-
Atumel thermocouple. Preliminary measure-
ments establisi.ed the temperature drop in the
nozzle between the monitoring thermocouple
and the test section for eacn stagnation
condition, This information was used in
computing the f{ree-stream Reynolds number.
The temperature differential between the
settling chamber and test section ranged
between 30 and 80°F depending on time and
stagnation pressure.

Variations in actual unit Reynolds
numbers from run to run due to particular
tunnel conditicns were within + 87 of the
average values in all tested cases (the
average unit Rey:rlds number values were 6.2,
6.4, 6.9, 3.0, 11 2, 11.4, 10.7 x 10°/ft) and
contributed little to the overall inaccuracies
of the data.

In all, the total error in the measured
base pre.s.. data dve to i{natrumentation,
interaction, ad time response etrrors was
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estimated ty be within £ 5%,
TEST PROGRAM

Table 1 outlines the test program and
the main parameters investigated, For each
model drop, four data points were obtained
at three different radii of the base area and
at centerline. For a given flow condition aad
angle of attack, a series of 12 drops av 309
roll-angle increments provided good defirition
of the complete base pressure distriburion.
More than 450 data drops were conducted at
seven separate flow conditions, dnd more than
90% of them were satisfactory.

TABLE 1
Test Program

N Re/ft + 10° o
6.34 * 0.11 6.2 £ 0.5 e ~ 60
5.34 £ 0.11 11.2 £ 0.7 0 = 54
6.34 % 0.11 3.0 £ 0.2 0 ~ 80
9.96 £ 0.1} 6.4 0.3 0 = 80
9.94 * 0.11 11.4 * 0.6 0 =70
5.70 % 0.11 5.9 0.4 0 = 50
5.30 £ 0,11 10.7 £ 0.7 9= 45

DATA REDUCTION

Two digital computer programs were
developed to reduce data in useful forms. The
first converted film data to model pitch angle;
trajectory and aerodynamic coefficient (Cy and
Cp* information as functions of time. The
second converted information from the oscille~
graph records to base pressure ratios pp/p,
again as functions of time.

Reduction of High-Speed Motion Picture Data

Tne aodel motion and trajectory informa=-
tiou fuvr each vun, obtained by the Hycam
camera, was converted to useful form. Three
points on the cone were digitized by using the
apex and tuvo selected points on the windward
and leeward generaturs. The horizontal and
vertical locations of each uf these points
were defined relative to a fixed {iducial
coordinate system built into the camera. This
information was recorded on punched cards for
every fifth or tenth frame (a time interval of
about 2.5 to 5.0 msec¢). The digitized frame
position was defined {n & time coordinate
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system using timing marks which were recoxded
on the edges of the fllm. 1u this way, the
position of the model could be defined with
respect to any event (Such as the opening of
the release arm) and thus the measured base
-pressure data could be correlated with the
model trajectory at any instant.

The program converted . he raw digitized
frame image to fullescale co rdinatas and
applied corvections for optica. lens distor-~
tions. With the cone converted to acrual
size, the.center of pressuve lovation and
angle of attack were then determined from
the digitized point locations using the

. formulas

R
cp cos® 4

but in the present experiment

X = X
cg cp

This procedure was repeated for each
digitized frame in a particular drop and the
information was stored in the memory bauk of
the comouter for further use. To compensate
for swall human errors in the manual process
of digitization, a second order smoothing
function was applied at this point to the
stored center of pressure and angle of attack
data as functions of time. The available
infoesmation was sufficient for the calcula-
tion of the wodel terminal velocity (V.) be-
fore release, and th!s was used as {pitial
vertical trajectory velocity {nput for compu-
tation of the equations of motion.

Two-dimensional curvilinear equations of
motion were utilized to describe the trajec-
tory of the center -f ~ravity. These equa~

tions are expressed in rectilinear compouent
form as:

3

= l 2
sy ) ayt + Vet (4)

The horizontal component of the acceleration
in the present investigation is given as:

8
a, = 7 (CpaSp) (5)
the vertical component of the arcelevation

8 X _
ay, v o (W= Cpq Sy (6)

Substituting Bquations {5) and (8) intc
Equations (3) and (4) yields: :

'8 2 ‘ 4 .
Sy = 'z—w (CBQ?SB)' t (7)

and -

g S o3
Sy = I (W - Grg Sy) t° + Vet \d).

"According to the modified Newtonian
theory, the normal and axial force coeffi~
cients of a cone at any angle of attack can
be expressed as: ’

[B,+(n/2)

c,. = cosgecsiu 2u o

N
T+ -31—1_- 'cosﬁu (cot & tanb, + 2tanw cotéc)] 9
and .

8 +(r/2)
Cy ='i. L 7 Zsinaéc + sin”a (1 -

-

i
3sin®e) i + f'—n cosd sin2¢ sin28, (10)

where
1 tanec\
B, = sin

u tana

a > 8

By = w2

Finaily, the total drag and lift coeffi-
cients in terms of norma: and axial force
coefficients are given as:

Cp = Cy sina + Gy cosa (13)

G = Cy cosa = Cp sina (14)

In the computer program, Equatiors (7)
to {ls) were combined in functional forms as:

g = f&,B,0¢° (1s)

Sy = h(K,B,a)t® + v, (16)

Y




LK ST € T TR YT T AT
b AN T

9th Navy Symposium on Aeroballistics

number, Mach number and reference pressure,
and all the inputs in covunts. The base
pressure ratios were tabulated in 5-msec
intervals, starting from the initial time to
: * the end of the run. A linear interpolation
B = b(M,pw) (18) routine was used to cbtain the intermediate
: ‘ values of py/p,,-

K= KW,8) - oan

Equations (15) to (18) were then used to The total force on the model base is a
obtain theoretical teajectory information function of the base pressure distribution. .
from the measured time and angle of attack Generally, this is ia the form:
data based on point-to-point predictor- :
corrector techniques. Total drag and lift
coefficients were also -obtained using the R 2
measur~d trajectory, terminal velocity, and Cr
time information based on the film data in Fp =-J | fpg) doir

74
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conjunction with Equations (7) and (8). . ° 7‘
The final output provided angle of attack
and trajectory results as functions of time .
and information on how they compared with To facilitate numerical computatioans,
theory together with measured and theoretical- Equation (19) was approximated by:
aerodynamic coefficients as functions of time. - ’
Prcvigions were also made for plotting all the —— \
da  in graphical form. - Fg= 0.0481 pnllp“ *'pm}
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Base Pregsure and Force Reduction Program 4+ 9-393\ pazlvm * P

. Four oscillograph traces were recorded +0.783 <E@T7;‘ * P \,
for each drop, one fov zach transducer. 4 3 ® w/
sample output is shown in Fig. {. The

measu: -«d cab reference prersure and the free- +2.29 (PB*/PD * Pw> (20)
stream total pressuve and Mach number values
were noted for each run tegether with a start-

“ing tiwe corresponding to !he time when the where pg /p_, etc., were obtained by graphi-

‘restraining arme released the model, the time
when restraining arms complete!y retracted
and interference free data are ohtained aund
Eipally, the length of th' useful running
time. By using the reference pressure as »
zere line, the pressure vreadirgs were aken
in counts (100 wunts/in.) along the vertical
axis together with the corresponding time
readirgs along the horicontal axis, again in pﬁ - 1)
terms of counts.

cal integration of the plots of pg/p_ versus
roll angie (¢) (see Fig. 14 to 16) at the
various nondimensional base radii.

The overall average base pressure then
is computed from Equation (20) as:

ot A

The readiag on the vertxcal direction
neasured the diFierence bratwaen the refer- From thi, the base pressure coefficient and
ence and hage pressuces in cguuts. {uis was base drag was obtained as:
converted into paunds per in. by the trans-
ducey calibration constarts. The revu:ting ﬁg‘_ Peos
pressdre was then either added to or sub- C, = — (22)
tracted from the -efevence pruvasure to yield B 4
absolute pressure values. [The free-stream
static pressure war determined from the Mach —
. Py * cosoO
number and total preéssure Laput data. The c B (23)
- . D
_time readings were converted into milli- B Qg
_seconds using the reference timing rarks on
the osc¢lllogcaph. A naximum of eight pres-
sure-time readings couid be taken along any At &ngle of attack, the base force also
one trace. has a vertical component. This represents a
lift force. In coefficiont form this is
The program output contained the run expressed ‘as:

Iy Rt cmbr whpesige
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DISCUSSION OF RESULIS

BASE PRESSURE DTYSTRIBUTION

An important aspect of the experigeatal
program was to measure the pressure distribu-
tion of the complete base area. This was
necessary for the computation of the base
pressure coefficients and base drag in all |
test conditions. Furthermore, these measure-

- ments provided an imsight into the external
flow field and recirculation region adjacent
to the base. This in turn offers the passi-
bility to formulate a new phenomenologiczl
model to serve @s a more realistic basis for
near wake computations.

Figure. 8 to 10 show the variation of the
base pressure, normalized by rfree~. tream
static pressure, as a funiction of awmgle of

attack, Mich number and Reynolds number. Note

that in each curve the base pressure at

o= 0% is slightly higher than at = -i0 or
-20°. At or around a = -10°, py/p_was a
minimum. There was relatively little vavia=
tion in the centerline base pressure with
angle of attack between o = =10 and -30°.
Schlesinger and Martelluccib found similar
results for a 10° half-angle cone at M = 6.0,
e.g., centerline basc pressure values wete
tower at o = -10° thaa at 0°, However, be~-
yond « = -30°, the base pressure ratio in-
creases quite rapidly with angle of attack.
A direct relationship was found between
pp/p and Mach number; for the same a and
Revnolds number, the base pressure ratio was
lower for lower Mach number. This is in
agreement with the results given by Reference:s
11, 28, and 29.

Further examination of the results in
Figures 8 and 9 show that for M = 9.94 and
identical angle of attack conditions, in-
creasing the Reynolds number caused a dee
crease in 1y /p, values at identical «
conditions. The effect of Reynolds number
seemed negligible for M = 5.30. These
results provide some {ndications as to the
state of the cone boundary layer as well as
the flow conditions immediately downstream of
the base. In addition to these results,
temperature measurements and various flow
visualization studies performed previously
in a preliminary program indicated that the
cone boundary layer and the base flow at
M = 9.94 were laminar in the unit Reynolds
number and angle of attack range tested.
This was in good agreement with measurements

made elsewhere3+1l, Both the preliminary
and present results indicate that conditions
at the bane at M = 6.34 and 5.30 ranged from
laminar a1 a = 0, to transitional at moder=-
arg angles of attack, to turbulect a™ high
angles of attack.

According to the measurements ot Pate3“,
transition at a = 0° ocrurs at Reynolds
numbers based om local inviscid conditions of
about 4 X 10%°. At angles of attack, *he
transition Reynelds number decreases rapidiy
principally because of cross-flow formation
in the boundary layer from the windward to
the leeward side and vortex sheddiag action
on the leeside. Both of these phenomena are
connected with angle ot attack; they first
appear at o = 0.8 8; (where 8¢ is the semi-
vertex angle of the cone), as was shown by
Moore3l and Tracy32, and increase in stréngth
and effect as the angle of attvack increasas.
The boundary layer cross flow ¢nd, more
particularly, the leeward vortex shedding,
causes instatilities in both the viscous and
inviscid portion of the flow around the cone
and in the near wake. Feldhuhn et a128
measured the variation of transition Reynolds
number with angle of attdack and found that at’
M= 6.0 and o 2 30°, Re,o/Re, = 0.15 where
the quantity represents ratio of the transi-
tion Reynolds number at angle of attack rela-
tive to the transition Reynolds number at
a=0% a preliminary investigation, with
a 9° half-angle sting-mounted cone, undetw-
taken prior to the main experiments showed
that the recirculation region in the base ar
M=6.3 and Re = § X 10°/ft was trangitioning
when the angle of attack exceeded 20° and
became turbulent at around 30°,

In the light of the aforesaid, it can be
concluded that in the base region of the model
and at M = 5.30 and 6.34, transition and
possible turbulent flow conditions prevailed
when Re = 6 X 10°/ft and the angle of attack
exceeded 20°, whereas conditions were laminar
at lower angles of attack. This is further
substantiated on closer examination of
Figures 11 and 12.. These show the base
pressure distribution along the vertical
meridian for M = 6.34 and 5.30 wh e the
lowest polnt on the vertical scale corresponds
to the wirdward generator and the highest
point to the leewsrd gencrator. Reynolds
number and angle of attack eve independent
variables in each graph.

At a Do, the base pressure distribution
‘n the vertical meridian in all measured
conditions showed a maximum value at the
centertine and tapered off toward the edges.
This is typical of the laminar conditions
found in several inveatigatlonsll» ’
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~ ward side when a2 5°
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As the angle of attack increased from
o= 0 to -20°, the general level of base
pressure along the base region decreased
relarive to the zero angle of attack and the
centerline pressure more particularly de-
creased even further than the edge values so
that fiam tee stazwation lire to the center~
line, basc pressuve distributlon was aearly
uniform (as was the case of Re = 3 x 10%/ft,
M= 6,3 or M= 5.9 at both Reynolds numbevrs)
or decreased toward the ¢:nterline (sce the
two higher Reynolds numbers at M = 6.34). In
contrast, the base pressurz ratio increased
beyond the centerlines toward the leeward
side in the .meridian plane. This tendency
was also noticeable at higher angles of
attack. Cassantod3 showed that the peak
value of pp/p, Shifted to the leeward side

_ from the centerline anu that the radial base

pressure ratio also increased toward the lee~-
Although Cassanto's
results were obtained at somewhat higher Mach
numbers, it seems to apply qualitatively to
the present data as well. The general uni-
formity of base pressure along the meridian
plane as well as in the entire base region at
-10 to -30° was usually within % 15%; this s
considered to indicate tramsition or t¢urbu-
lent flow conditions. Martellucci and Ranlet?
reported also that in the transition and tur-
bulent flow regimes, .l nonuniformity of the
base pressure distribut.on decreased and ulti=
mately diminished due to large mixing.

When the angle of attaclk increased
further, the general level of the base pres-
sure increased but the characteristic distri-
bution stayed the same as indicated by de-
creasing base pressure from the most windward
generator to a4 wminimum point close to the
centerline and thereafter an increase as the
leeward side generator was approached. The
level of base pressure was, in most cases,
higher at the leeward side that at the wind-
ward side. Stetson and Friberg? explain
this phenomenon by the fact that at large
angles of attack, strong interactions occur
between the base flow field and the leeward
vortex flow field, They observed that the
base pressure increased locally in regions
adjacent to the minimum pressure region on
the cone and attributed the effect to weak
local shock wave systems. The pressures in
the separated regilon on the leeward side were
always larger than the base pressure, but the
interaction between the two regions apparently
causod a local {ncrease around the neighbor-
hood of the leeward meridian # 30°. This is
further confirmed by the analysis of the
complete base prossure distributions at and
beyond o = -30", in particular when r/R = 0.71
(sca Fig. 14 and 15).

Schlieven photographs taken during the
preliminary investigation <howed that the
incipient shock on the windward siie of the
cane became highly curved downstream of the
model at high angles of attack. The shock
appeared to turn toward the base centerline
downstream of che recirculation regioa. It
is conceivabje chat the incipient shock on
the windward gide deformed the inner shear
luyer causing a lonal expansion and conse-
quent drop in local pressure. This drop of
local pressure would be felt throughout the
recirculation region and consequently, tle
base- pressure close to the windward side
within a % 20° region would exjerience a drop

“toward the centerline. The combination of

these effects would be a plausible explana-
tion for the shape of the base pressure
distribution ar high angles of attack.

At M = 9.94, the cone boundary layer and
base flow were laminar for the complete test
range. Examination of Figute 13 reveals that
at both Re = 6.4 X 10°/ft and Re = 1.1 x 10%/ft
there was a maxxmum value for pB/p°° at the cen-
terline for 0° angle of attack As the angle
of attack increased to a = =30 and above,
the general level of base pressure increased
but in a very nonuniform way. From the edge
to the centerline starting at the windward
generator, the base pressures decreased or
were nearly uniform toward the centerline.
There they reached a minimum point and then
increased rather abruptly toward the leeward
generator where the base pressure level was
70 to 80% higher than at the centerline.

This peculiar pB/p°° distribution was apparent~
ly caused by the strong interaction between
the base flow field and the leeward vortex
flow field combined with the highly curved
incipient shock wave that acted downstream

of the base on the windward side and defovrmed
the shear layer, Similar, but not identical,
behavior was noted for the other two Mach
numbers.

Figuras 14 to 16 show examples of the

base pressure distributions at three differ-
ent radii (¢v/R = 0.24, 0.47, and 0.71) along
the roll angle range of 0 to 360° for all
three Mach numbers at Re = 6.0 x 10°/ft.
These figures were partially analyzed in the
preceding sections., However, there are

some interesting points which have not been
discussed yet. Notice in Figure 14 the
minimum areas at roll angles of 30 and 2640°
in the vicinity of the base centerline (r/R =
0.24) at a = «40°. Adjacent to these areas
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local maximum goints occusred at roll angles
of 120 and 310°. This same phenomenon was
repeated ot angles of =10, -20, and -30°, At
M = 9.94 (Fig. 16), there were mnimum sones
at roughly 90° from the vertical meridjan
plane and maximum zones adjacent to the lee~
ward meridian. The fact that local maxima
and minima were close to the center area but
occurred only at certain spots indicate local
flow reactachments due to the iuteraction of
rolled up vortex sheets from tne leeward side
and the recirculrcion region. Apparently
this interaction resulted in an intensive
local mixing and secondary reattachment. The
phanomenon is noasymmetric. At the lowest
Mach number tested (see base pressure distil-
bution in Fig. 15), this phenomenon was much

_-less pronounceu than for the higher Mach
numbers. A possible explanation {s that the
pressure gradients within the base region were
much smaller than in the other cases because
intensive turbulent mixing alleviated the
secondary reattachment.

_AERODYNAMIC COEFFICIENTS
AT THE MODEL BASE’

Bise pressure coefficlents, as defined
by Equation (22) and evaluated by Equations
(20) and (21), are shown in Fig. 17 and 18.
Strong Mach number Jependense was evident
from the results. At a= 0°, the ,CpB[ value
was about 50% larger at M = 5.30 than at
M= 6.34 but 4 to 7 times as large as the
base pressure coefficient at M = 9.94. The
differences decreased as the angle of attack
increased. Around o = -10 to -20°, Cp_ was
minimum for all test conditions and thereafter
increased with increasing angle of attack.

The base vressure  coefficients did not depend
significantly on Reynolds number throughout
the test envelope. The only exception was at
M= 9.9 and a= -10° where Cp, at Re =

6 X 105/ft was only 50% of the base pressure
coefficient value measured at Re = 1 X 10°/ft.
The Reynolds number effect is evident when
one compares Fig. 17 and 18.

a1he base drag coefficients for
Re ~ 6 x 10% and 1 x 10°/ft are shown in
Fig. 19 and 20, respectively. Mach and
Reynolds number effects were quite {nsignifi-
cant throughout the test envelope. The base
dvag coefficient decreased between @ = 0 and
about & = =15 and increased with increasing
angle of attack thereafter. The measurements
oif basc drag at « = 0° weve in good agrecement
with data presented by Ward and Choatel0,
They found that at M = 10 and Rey~3 to 6 X 10%
the base drag was close to 0,008, The present
measurements showed very similar ressults in
an values at M = 9.94 (see Fig. 19 and 20).

Examination of the base drag to total
drag ratio {if comparison is made between
Fig. 19, 20, and 23 to 25) showed that at
a= O°, the base drag was about 15 to 18% of
the total drag ac ¥ = 5,30 and 6.34 and was
in the neighborhood of & to 7% nat M = 9,94,
Results of other investigators corvoborate
these measurements, At @~ -100, the base -
drag to total drag ratio dropped to about”

4 to 5% for all three Mach numbers. At
o= -20° and beyond, Cp/Cp,, Bredually

decreased from about 1,7 to 1.1%.

When the medel flew at an angle of
attack, a base lift force was generatec in
addition to the base drag since the total
force at the base was no longer parallel with
the free-stream direction. Fig. 21 and 22
show the base 1ift coefficients as functions
of M, Re and w« Apparently, Cp  1s nearly
independent of M. and Re and chiefly dependent
on the angle of attack. The ratio of Cp
to the total lift was in the order of ! to
2% (if one compares FPig, 21, 22, and 26 to
28). : .

TOTAL LRAG AND LIFT COEFFICIENTS

Figures 23 to 25 show the variation of
the total drag coefficients with angle of
attack for all test conditions. In addition
to the measured values, the inviscid drag
coefficients were computed utilizing the
modified Newtonian theory. Equations (%) to

. (14) were used for these computations and the

results are also shown on the graphs. The
close agreement between measurements and
theory is readily apparent, although some
experimental scatter shows up in Fig. 24.
Results of the investigation conducted by

Ward et al3 showed that at relatively low

Mach aumbers (below abont 7) the viscous

drag wss iusignilficant and the total drag was
the sum of the {nviscid drag and base drag.
But the base drag was only about 1.5% of the
total drag at high angles of attack for the
present investipation, as was discussed in the
previous section, so the good agreement be-
tween measured and calculated drag coefficients
was not surprising. At Mi= 9.94, the viscous
drag became significant at a = 0 and conse=-
quently, the measured total drag coefficients
deviated somewhat from the computed ones. The
measured values were between Gy = 0.1 and 0.12,
These values were in good agreement with the
measurements of Welsh et all aud Ward et ald.

Figures 26 tc 28 show the total lift
coefficients as functions of M, Re, and a for
all test conditions. LIft coefficients, hased
on the Newtonian inviscid theory, were also
computed using Bquations (9) to (14). ithe
computational results are shown as solid
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" . curves on the graphs for cémparisow. Again,

the measuvred and computed va'yes are in ygood
agreemant.

MODEL TRASHBCTOKY RESILTS -

In the great majority of the model drops,
the model departurz in the vaw plane was .
aegligible, and therefore, use of twoediwen=
sional curvilinear equations of riotion was
justified. Counsequently, Equations (15) to
(18), programmed for computer calculations,
provided good approximations for semi-theovet-

. jcal trajectory predictions in conjunction
~ with predictor and corrector techniques.

Figures 29 to 31 show that the measured and
computed model trajectories were in good
agreement throughout the Mach number and angle
of attack reange covered by the test program.
Note that ut lower angles of attack (I ﬁ‘<20°
the agreement is velatively poor at M = 5.30
and 6.34, The steepness of the trajectories
may account for this disagreement where the
small inaccuracies of the data reduction
procedure become relatively more significant
than at trajectories where the horizontal
distence is longer (i.e., trajectories corre~
sponding to higher angles of attack). As a
final comment on the trajectory calculations,
it is worthwhile to mention that even when the
model angle of attack changed significantly
from point to point, the computed trajectory
bar :? on local angle of attack was in close
asreement with the measured path.

CONCLUSIONS

The results can be summarized as:

(1) The centerline base pressure normal=~
ized by free-stream static pressure, was
relatively constant at angles of attack
between ~10 and -30°. Above -30°, Pa/Py
creased with increasing angle of sttack

(2) An increase in Mach number caused
an increase of the base pressure ratio.

(3) At M = 9.94, laminar conditioas pre~-
vailed throughout the entire test envelope.
However, at M = 6.34 and 5,30, there was
transition and turbulent flow in the ne.r
wake at angles greatey than =207,

(4) Measurements indicated a highly
complox base flow vegion. A tentative ex-
planation was offered, but much more flow
field data are required to define all aspects
of the base flow at high angles of attack in
the hypersonic flow regime.

(5) Base drag at o = 0° represented a

. congiderable fraction of the total drag but

decreased tu around 1.5% above the angle of
attack at <0,

{6) Close agreement was found between
the measured and predicted values of total
lift and drag coefficients and when the
wodified Newtonian theory was used.

(7) The computed and measured trajector-
ies were in good agreerant.
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